Because of their ability to inhibit proteases, protease inhibitors have generally been considered to counteract tumor progression and metastasis. However, expression of serine protease inhibitors (SPIs) in tumors is often associated with poor prognosis of cancer patients. Moreover, there is growing evidence that SPIs may even promote malignancy of cancer cells, opening new avenues for their use as biomarkers in malignancy. To isolate cancer promoting genes, we applied the suppression subtractive hybridization method to low-malignant Lewis Lung Carcinoma 3LL-S versus high-malignant 3LL-S-sc cells. This resulted in the identification of the SPI secretory leukocyte protease inhibitor (SLPI), as one of the genes whose expression was higher in 3LL-S-sc than in 3LL-S cells. By stable transfection of 3LL-S cells with mouse or human SLPI, we demonstrated that elevated levels of SLPI expression increased both the tumorigenicity and lung-colonizing potential of 3LL-S cells. Moreover, we showed that this function of SLPI depended on its protease inhibitory capacity. Our results also reveal that although SLPI enhanced the proliferation of 3LL-S cells in vitro, its promalignant activity in vivo was not solely due to its effect on cell proliferation. In this study, we report a causal role for SLPI in the malignant behavior of cancer cells, underscoring the potential malignancy-promoting activities of SPIs.
T
umor progression is generally associated with extensive tissue remodeling to provide a proper environment for tumor growth, angiogenesis, invasion, and metastasis of cancer cells (1) . An impressive amount of data reveal that, among many factors, proteases expressed by cancer and͞or stromal cells are key players in this process. Indeed, because of their ability to activate and release cytokines and growth factors and to degrade components of the extracellular matrix, proteases are necessary to provide optimal conditions for growth and invasion of cancer and endothelial cells. Expression of corresponding protease inhibitors in tumors is one way to control the activity of these enzymes. Protease inhibitors are therefore expected to be antimalignant (2) . However, serine protease inhibitors (SPIs) are often overexpressed in different tumor types (3) (4) (5) (6) (7) , suggesting that overexpression of these inhibitors might favor tumor progression (8) . Indeed, it has been demonstrated that overexpression of a number of SPIs from the serpin and kunitz families results in enhancement of cancer cell malignancy (9) (10) (11) (12) . None of the kazal-type SPIs has yet been shown to promote malignancy of cancer cells.
Secretory leukocyte protease inhibitor (SLPI) is a member of the kazal-type SPI family. SLPI inhibits elastase, cathepsin G, trypsin, and chymotrypsin (13) and plays a significant role in protection against neutrophil proteases during massive inflammatory responses (14) (15) (16) (17) . The function of SLPI has been the subject of extensive investigation, because besides its function as an inhibitor of inflammatory proteases, SLPI exerts pleiotropic activities in different biological systems. For example, SLPI promotes wound healing (18) and in vitro cell proliferation (19, 20) , inhibits HIV infection (21) and NF-B activation (22) , lyses bacteria (23) , and modulates macrophage functions (24) . Some of the activities of SLPI are independent of its protease inhibitory capacity toward certain proteases (21) (22) (23) (24) .
Several studies have reported a direct correlation between SLPI expression levels and tumor progression (7, (25) (26) (27) (28) . However, it has not yet been demonstrated whether SLPI contributes to the malignant phenotype of cancer cells.
In this study, we demonstrate that SLPI plays a causal role in the malignant behavior of Lewis lung carcinoma 3LL-S cells. Moreover, we show that this function of SLPI depends on its protease-inhibitory activity, but not on its ability to enhance cell proliferation.
Materials and Methods
Mice. Six-to 8-week-old female C57BL͞6 (Harlan, Horst The Netherlands) and CB17͞IcrHanHsd-SCID mice (Harlan) were used in all experiments.
Cell Lines and Culture Conditions. The 3LL-S cell line has been described elsewhere (29) . The 3LL-S-sc cell line was obtained by s.c. inoculation of 2 ϫ 10 6 3LL-S cells in C57BL͞6 mice, followed by removal and homogenization of the resulting tumor tissue and in vitro propagation of cancer cells for at least 10 days to eliminate contaminating host cells. The human lung carcinoma cell line A549 was kindly provided by M. Mareel (Ghent University, Ghent, Belgium). All cell lines were maintained in RPMI medium 1640 supplemented with 0.3 mg/ml L-glutamine͞ 100 units/ml penicillin͞0.1 mg/ml streptomycin͞10% heatinactivated FCS (GIBCO͞BRL). Cells were grown in a humidified incubator at 37°C, containing 5% CO 2 .
General Molecular Techniques. Unless otherwise noted, nucleic acids were handled according to standard protocols. PCR products were purified by using the PCR Purification kit (Qiagen) as recommended by the manufacturer. Nucleotide sequences were determined by the dideoxynucleotide chain termination method. Nucleic acid homology searches were performed using the FastA program. Total RNA and mRNA were prepared using TRIzol reagent (GIBCO͞BRL) and Fasttrack 2.0 kit (Invitrogen), respectively, following the suppliers' recommendations.
Construction and Screening of a Subtracted cDNA Library. A subtracted cDNA repertoire enriched for cDNA fragments upregulated in 3LL-S-sc, as compared with 3LL-S cells, was generated using the PCR-Select cDNA Subtraction kit (CLON-TECH), as instructed by the manufacturers. The cDNAs obtained from 3LL-S and 3LL-S-sc cells were used as driver and tester, respectively. The subtracted cDNA repertoire was cloned into the T͞A cloning vector pCR2.1 (Invitrogen) and transformed into E. coli strain TOP10FЈ (Invitrogen). Differential expression of cloned cDNA fragments was tested by Northern blot using standard protocols. Probes were generated by PCR amplification of cDNA inserts and labeled using the Rediprime II random prime labeling system (Amersham Pharmacia). The membranes were exposed to a phosphor-imaging screen and developed using the Molecular Imager system (Bio-Rad). The specific signals were quantified using the Molecular Analyst software (Bio-Rad). The signals were normalized using the house-keeping gene GAPDH. Transfection of 3LL-S Cells with mSLPI, hSLPI, F-hSLPI or R-hSLPI. By using primers 5Ј-CGGAATTCCAGAGCTCCCCTGCCTTC-3Ј and 5Ј-GCTCTAGACATAGAGAAATGAATGCGTTT-3Ј, the full-length mSLPI cDNA (including the signal peptide and the 3Ј untranslated region) was obtained by RT-PCR on mRNA from 3LL-S cells. The full-length hSLPI cDNA was obtained by RT-PCR on total RNA from A549 cells using primers 5Ј-CGGA AT TCCAGAGTCACTCCTGCCT TC-3Ј and 5Ј-GCTCTAGACAAAGAGAAATAGGCTCGTTT-3Ј. By using primer pairs 5Ј-GAAATTGGGGGGGTTAAGCATGAAA-CATTGGCC-3Ј and 5Ј-GGCCAATGTTTCATGCTTAAC-CCCCCCAATTTC-3Ј, or 5Ј-GGGGGTTAAGCATCCTA-CATTGGCCATAAGTC-3Ј and 5Ј-GACTTATGGCCAA-TGTAGGATGCTTAACCCCC-3Ј, the codon for Leu-72 of the mature hSLPI protein was mutated via PCR into a codon for Phe (F-hSLPI) or Arg (R-hSLPI), respectively (the nucleotides replacements are shown in bold). PCR products were cloned into the EcoRI͞XbaI sites of the pcDNA3.1(ϩ)͞Neo plasmid (Invitrogen). After sequence verification, the recombinant plasmids containing mSLPI, hSLPI, F-hSLPI, or R-hSLPI cDNA, in parallel with the empty plasmid, were electroporated into 3LL-S cells following standard protocols. Subcloning and selection in the presence of neomycin (GIBCO͞BRL) resulted in the isolation of stable transfectants. mSLPI expression in transfectants was evaluated by Northern blot. Each Northern blot was repeated three times. hSLPI, F-hSLPI, or R-hSLPI secretion was evaluated by using the ''human SLPI ELISA Test kit'' (HyCult Biotechnology, Uden, The Netherlands). Three independent ELISAs were performed.
In Vitro Cell Proliferation Assay. Exponentially growing cancer cells were collected, thoroughly washed in RPMI medium 1640 and incubated for 24 h in serum-free medium to synchronize the cells. The cells were collected, resuspended in serum-containing medium and seeded for 24 h in 6-fold at 10 4 cells per well in 96-well plates. Cell proliferation was quantified in an 18-h [ 3 H]thymidine incorporation assay.
Statistical Analysis. Statistical analyses were performed by the two-tailed unpaired t test.
Results

s.c. Growth of 3LL-S Cells Enhances Their Malignancy.
The 3LL-S cell line is a low-malignant subclone derived from the parental Lewis Lung Carcinoma (29) . The low malignancy of these cells is reflected by their low tumorigenicity on s.c. inoculation ( Fig. 1 a and c) and low lung-colonizing potential after i.v. injection ( Fig. 1 b and d) , in both syngeneic C57BL͞6 mice ( Fig. 1 a and  b) and immune-deficient SCID mice ( Fig. 1 c and d) . On s.c. growth in syngeneic C57BL͞6 mice, 3LL-S cells become more malignant. Indeed, as compared with the parental 3LL-S cells, cancer cells derived from s.c. 3LL-S tumors (hereafter referred to as 3LL-S-sc cells) grow significantly faster in the flank of mice ( Fig. 1 a and c) . In addition, 3LL-S-sc cells colonize the lung more extensively than 3LL-S cells after i.v. injection ( Fig. 1 b and  d) . These data show that 3LL-S-sc cells are significantly more malignant than 3LL-S cells, as manifested by their increased capacity to grow at a local site and to colonize the lung.
Mouse SLPI Expression Is Up-Regulated During s.c. Growth of 3LL-S
Cells. To identify genes whose expression is modulated during s.c. growth of 3LL-S cells, the suppression subtractive hybridization approach was adopted. This approach led to the identification of a 480-bp cDNA fragment corresponding to the 3Ј fragment of the mouse SLPI (mSLPI) mRNA (13) .
The up-regulation of mSLPI expression on s.c. growth of 3LL-S cells was further validated by Northern blot. These Northern blot experiments (Fig. 2a) and subsequent normalization with the housekeeping gene GAPDH, revealed that the mSLPI mRNA level was Ϸ15-fold higher in 3LL-S-sc cells as compared with 3LL-S cells (Fig. 2b) .
Mouse SLPI Overexpression Enhances the Malignancy of 3LL-S Cells.
The above experiments revealed a direct correlation between mSLPI expression levels and the malignant behavior of 3LL-S and 3LL-S-sc cells. We next investigated whether elevated levels of mSLPI expression enhanced the tumorigenicity and͞or lungcolonizing potential of 3LL-S cells. To this end, 3LL-S cells were transfected with a plasmid expressing mSLPI. As negative control-transfectant, the empty plasmid was introduced into 3LL-S cells. The stable mSLPI-transfectant mD7, in which the mSLPI mRNA level was Ϸ7-fold higher than that in 3LL-S cells, was selected for further analysis (Fig. 3a) . The controltransfectant clone NA1, with mSLPI mRNA levels similar to that of 3LL-S, was used as negative control.
The role of mSLPI in increasing malignancy of 3LL-S cells was tested by measuring the tumorigenicity and lung-colonizing potential of the mSLPI overexpressing clone mD7 and the control mock-transfectant clone NA1. As shown in Fig. 3 , a 7-fold mSLPI overexpression significantly enhanced tumor growth (Fig. 3b) and lung-colonizing potential (Fig. 3c ) of 3LL-S cells injected s.c. or i.v., respectively.
Human SLPI (hSLPI) Expression in 3LL-S Cells Enhances Their Malignancy. Although mSLPI and hSLPI exhibit only 58% identity at the amino acid level, the proteases they inhibit are similar (30) . Besides, it has been shown that, similar to mSLPI, hSLPI is up-regulated during cancer progression (25, 27) . Hence, we investigated whether, similar to mSLPI, hSLPI also promotes the malignancy of 3LL-S cells.
To assess the malignancy-promoting activity of hSLPI, 3LL-S cells were transfected with a plasmid expressing hSLPI. Based on ELISA, two stable hSLPI-transfectants, clones h2C5 and h4E5, secreting Ϸ20 and 5 ng of hSLPI per 10 6 cells per 48 h, respectively, were selected for further analysis. Conditioned medium from the human lung cancer cell line A549 was used as a positive control in ELISA. 3LL-S, 3LL-S-sc cells, mSLPItransfectant clone mD7 and the control-transfectant clone NA1 did not yield any ELISA signal in these experiments, demonstrating that ELISA signals obtained with hSLPI-transfectants were specific for hSLPI (Fig. 4a) .
The effect of hSLPI on the malignancy of 3LL-S cells was then tested by measuring the tumorigenicity and lung-colonizing potential of the hSLPI-expressing clones h2C5 and h4E5 and the control mock-transfectant clone NA1. Similar to the mSLPItransfectant mD7, the hSLPI-transfectants h2C5 and h4E5 grew much faster in the flank of mice than the mock-transfectant NA1 (Fig. 4b) . As measured by both the number of lung nodules and lung weight, both hSLPI-transfectants exhibited a significantly higher lung-colonizing potential as compared with the mocktransfectant clone NA1 (Fig. 4c) . A hSLPI secretion level of Ϸ5 ng per 10 6 cells per 48 h was sufficient to enhance the malignancy of 3LL-S cells; indeed, although clones h2C5 and h4E5 differed Ϸ4-fold in their hSLPI secretion levels, they did not differ significantly in their tumorigenicity (P ϭ 0.52) and lungcolonizing potential (P ϭ 0.12 and 0.48 for lung weight and number of lung nodules, respectively). Therefore, despite the differences in their amino acid sequences, both mouse and human SLPIs enhance the malignant potential of 3LL-S cells.
The Protease Inhibitory Activity of hSLPI Is Involved in Its Malignancy-
Promoting Capacity. To assess the role of the protease-inhibitory activity of hSLPI in its capacity to promote malignancy of 3LL-S cells, two mutant hSLPIs were generated. In these mutants, Leu-72 of the mature wild-type hSLPI protein was replaced by Phe (in F-hSLPI) or Arg (in R-hSLPI). These mutations have already been shown to result in a drastic alteration in the inhibitory activity of hSLPI toward serine proteases (31) .
Plasmids expressing each of these mutants were used to transfect 3LL-S cells. Two transgenic cell lines, F-hSLPItransfectant F-h1A8 and R-hSLPI-transfectant R-h2D8, having ) s.c. growth of NA1, h2C5, h4E5, F-h1A8, and R-h2D8 in SCID mice (P ϭ 0.0003 and 0.0001 for h2C5 and h4E5, respectively, as compared with NA1. P ϭ 0.0063 and 0.0012 for F-h1A8 and R-h2D8, respectively, as compared with h4E5). P values were calculated from the data at 27 d.p.i. (c) Lung-colonizing potential of NA1, h2C5, h4E5, F-h1A8, and R-h2D8 in SCID mice at 36 d.p.i. (lung weight: P Ͻ 0.0001 for h2C5 and h4E5, as compared with NA1. P ϭ 0.19 and 0.0007 for F-h1A8 and R-h2D8, respectively, as compared with h4E5. Number of lung nodules: P Ͻ 0.0001 for h2C5 and h4E5, as compared with NA1. P ϭ 0.0054 and 0.0012 for F-h1A8 and R-h2D8, respectively, as compared with h4E5).
expression levels similar to that of the WT hSLPI-transfectant h4E5, were selected for further study (Fig. 4a) . The transfectants F-h1A8 and R-h2D8 were compared with the mock-transfectant NA1 and the hSLPI-transfectant h4E5 for their capacity to colonize the lung and to grow locally. As depicted in Fig. 4b , both mutant hSLPI-transfectants grew significantly slower than the hSLPI-transfectant h4E5 and exhibited growth curves similar to the mock-transfectant NA1. Moreover, after i.v. injection, both mutant hSLPI-transfectants F-h1A8 and R-h2D8 colonized the lung less efficiently than the WT hSLPI-transfectant h4E5. This was reflected by both a decreased number of lung nodules and a lower lung weight, the latter to a lesser extent (Fig. 4c ). These experiments demonstrate that the protease inhibitory activity of hSLPI is involved in the promotion of 3LL-S malignancy.
The Promalignant Activity of SLPI Is Not Mediated by Its Effect on in
Vitro Cell Proliferation. In view of two recent reports linking SLPI expression with in vitro proliferation rates of human endometrial cells (19, 20) , the influence of SLPI on 3LL-S cell proliferation was tested. To this end, in vitro proliferation rates of mock and SLPI transfectants were compared. SLPI-transfectant clones mD7, h2C5, and h4E5 proliferated, respectively, 2.4, 4.8, and 3.0 times faster than the mock-transfectant NA1, demonstrating that SLPI indeed promotes the proliferation of 3LL-S cells in vitro (Fig. 5) . When Leu-72 was mutated to Phe, the in vitro growthstimulating effect of hSLPI was abrogated: transfectant F-h1A8 proliferated significantly slower than the hSLPI-transfectant h4E5 and exhibited the same proliferation rate as the mocktransfectant NA1. However, replacement of Leu-72 by Arg did not change the effect of hSLPI on the proliferation of 3LL-S cells; indeed, transfectant R-h2D8 proliferated as fast as the hSLPI-transfectant h4E5 and significantly faster than the mocktransfectant NA1 (Fig. 5) . Taking together these data and the in vivo malignancy of these cells, there is not always a direct correlation between the in vitro proliferation rate of these cells and their in vivo malignant behavior. Therefore, the promalignant activity of SLPI cannot be explained solely by its effect on in vitro cell proliferation.
Discussion
As reported for other SPIs (8), several studies have demonstrated that SLPI is up-regulated in the course of cancer development: (i) SLPI has been identified as highly up-regulated in ovarian carcinomas as compared with nontransformed ovarian epithelia (7, 25, 26) . (ii) It has been shown that patients with nonsmall cell lung carcinoma have higher serum SLPI levels than healthy individuals, with concomitant high hSLPI expression in tumor tissue. Furthermore, serum SLPI levels in these patients correlated with tumor stage and response to therapy (27) . (iii) It has been reported that mouse SLPI mRNA levels directly correlate with the metastatic potential of liver carcinoma cells (28) . Although these studies showed that SLPI is overexpressed in tumor tissue or in malignant cancer cells, the significance of SLPI up-regulation in tumor progression and cancer cell malignancy has not yet been reported.
In the present study, we demonstrated that as compared with 3LL-S cells, 3LL-S-sc cells have a higher capacity to grow locally and to colonize the lung. This increased malignancy of 3LL-S-sc cells was shown to be associated with elevated levels of mSLPI in these cells. A comparable correlation between mSLPI expression and malignant behavior of liver carcinoma cells has also been made by Morita et al. (28) . They reported that besides mSLPI, described by Zitnik et al. (13) and also identified in our study, a differentially spliced variant of mSLPI, mSLPI-␤, coding for a protein with a hydrophilic signal peptide, is expressed in liver carcinoma cells. However, RT-PCR and RACE experiments revealed that mSLPI-␤ is not expressed in our tumor model (our unpublished data).
We used SLPI-transfectants to demonstrate that overexpression of either mSLPI or hSLPI was sufficient to enhance the tumorigenicity and lung-colonizing potential of 3LL-S cells. These experiments revealed that SLPI plays a causal role in the malignant phenotype of 3LL-S cells, a function of SLPI that has previously not been reported. Our results also show that although mouse and human SLPI share only 58% amino acid identity (13) , both orthologues increase s.c. tumor growth and experimental metastasis of transfected 3LL-S cells.
As compared with 3LL-S-sc cells, SLPI-transfectants metastasize to the lung and grow locally at a slower rate. The differences in the kinetics of metastasis formation and tumor growth between SLPI-transfectants and 3LL-S-sc cells can be explained by the fact that the expression of genes other than mSLPI is also affected when 3LL-S cells grow s.c.; for example, S100A4, which has already been demonstrated to be a metastasis-promoting gene in 3LL cells (32) , was among several genes isolated from our suppression subtractive hybridization library and showed elevated mRNA levels in 3LL-S-sc versus 3LL-S cells (data not shown).
SLPI is a boomerang-shaped molecule belonging to the kazalfamily of SPIs and consists of two homologous whey acidic protein domains of similar size (33) . Crystallographic and enzyme kinetics analyses have located the protease inhibitory activity of hSLPI to its C-terminal domain (33, 34) . Mutation of Leu-72 in the C-terminal half of the hSLPI protein to Phe (F-hSLPI) or Arg (R-hSLPI) alters the K i toward different serine proteases (31) . However, these mutants do not differ from the wild-type hSLPI in their ability to inhibit the activation of NF-B (35) , modulate the phenotype of macrophages (24) , or inhibit HIV infectivity of monocytes (21) , suggesting that the serine proteases toward which the inhibitory activity is affected in these hSLPI mutants do not play a role in the above-mentioned biological activities. In our model, replacement of Leu-72 by Phe or Arg had a dramatic effect on the malignancy-promoting activity of hSLPI. Indeed, although hSLPI expression in 3LL-S cells enhances the capacity of these cells to grow locally and to metastasize to distant organs, F-and R-hSLPI expression does not significantly influence the phenotype of 3LL-S cells. Hence, the promalignant activity of hSLPI is related to its capacity to inhibit serine proteases.
It has been reported that exogenous human or porcine SLPI and endogenous human SLPI promote the in vitro proliferation of endometrial epithelial cells (19, 20) . Similar to these studies, we observed that both wild-type mouse and wild-type human SLPI enhanced the proliferation of 3LL-S cells in vitro. Moreover, in vitro proliferation rates of WT SLPI-transfectants and the mutant SLPI-transfectant F-h1A8 directly correlated with their in vivo malignant behavior. This suggested that the promalignant activity of SLPI could be due to its effects on cell The data shown are representative of five independent experiments. P Ͻ 0.0001 for mD7, h2C5, h4E5, and R-h2D8 and P ϭ 0.4922 for F-h1A8, as compared with NA1. P Ͻ 0.0001 for F-h1A8 and P ϭ 0.8381 for R-h2D8, as compared with h4E5.
proliferation. However, although clones R-h2D8 and h4E5, expressing similar levels of hSLPI, did not differ in their in vitro proliferation rates, they did differ in their tumorigenicity and lung-colonizing potential. On the other hand, although mocktransfectant NA1 and mutant hSLPI-transfectants F-h1A8 and R-h2D8 exhibited a similar low tumorigenicity and lungcolonizing potential, clone R-h2D8 proliferated faster than clone NA1 and F-h1A8. Therefore, the promalignant activity of SLPI cannot be accounted for by its effect on cell-proliferation. The differences in the effects of these mutations on in vitro growth-stimulating properties of SLPI may be caused by the differences in the extent to which these mutations influence SLPI inhibitory activity (31) .
The exact mechanism by which SLPI promotes malignancy is not yet known, but at least one hypothesis can be advanced: it is possible that the enhancement of malignancy by SLPI is due to its effects on angiogenesis. Endostatin, a potent antiangiogenic factor (36) , is generated by elastase (37) . Because both mSLPI and hSLPI are potent inhibitors of elastase (30) , and as compared with wild-type hSLPI, the mutants F-and R-hSLPI have, respectively, a 500-and 15,000-fold increase in K i toward elastase (31) , it is tempting to speculate that SLPI might enhance malignancy by preventing the formation of the angiogenesis inhibitor endostatin. In line with this hypothesis is the finding that endostatin exhibits potent antitumor activities in the 3LL tumor model (36) .
In conclusion, in this report we could unequivocally attribute a previously undescribed activity, the promotion of cancer cell malignancy, to SLPI. In addition, we demonstrated that the promalignant activity of hSLPI is related to its capacity to inhibit proteases, but not to its proliferation-stimulating properties. Because SLPI overexpression has been shown to be associated with progression of tumors of different histological origin, it is interesting to assess the contribution of SLPI to the malignant behavior of different tumor types. These experiments will reveal whether the promalignant activity of SLPI we observed in Lewis Lung Carcinoma can be generalized for other tumors.
